The unsteady phenomena in the transonic flow around airfoils are observed in the flow field of fan, compressor blades and butterfly valves, and this causes often serious problems such as the aeroacoustic noise and the vibration. In the transonic or supersonic flow where vapor is contained in the main flow, the rapid expansion of the flow may give rise to a non-equilibrium condensation. In the present study, the effect of non-equilibrium condensation of moist air on the shock induced flow field oscillation around a plate was investigated numerically. The results showed that in the case with non-equilibrium condensation, the flow field aerodynamic unsteadiness is reduced significantly compared with those without the non-equilibrium condensation.
Introduction
The transonic flow over an airfoil is characterized by the appearance of shock wave standing on the suction surface. In this case, the interaction between shock wave and boundary layer becomes complex. Shock induced unsteady flow oscillation, aeroacoustic noise and vibration, flutter, buffet excitation, high cycle fatigue failure (HCF) and so on are the detrimental consequences of this interaction which are commonly observed in butterfly valves (1) , fans (2) , compressor blades (3) and so on. In case of high speed aerodynamics (transonic or supersonic), where vapor is contained in the main flow, the rapid expansion of the flow may give rise to a non-equilibrium condensation (4) , (5) . In this case vapor will condense after a supersaturated state is attained. At this stage, degree of supersaturation, S = p v /p g (T) (where p v is the water vapor pressure and p g is the saturation pressure of water vapor at a given temperature T) may increase much above one (S >>1). This process is followed by two stages; first the vapor molecules itself generate condensation nuclei by molecular collision (homogeneous nucleation), and secondly, the condensation of the vapor takes place on these nuclei (droplet growth). This condensation process releases latent heat to the surrounding gaseous medium of moist air and considerably affects their thermodynamic behavior as well as flow features. The occurrence of non-equilibrium condensation of moist air and wet steam in a supersonic nozzle may lead to flow oscillations and instabilities in the flow field (6) , (7), (8) , (9) . Nucleating wet steam flow though turbine blades can affect on the thermodynamic efficiencies of turbine cascade flow (10) . Nucleating process incurs an entropy increase and hence a loss in work potential. This loss is often comparable in magnitude to all aerodynamic losses put together (10) .
Low pressure steam turbine cycles in the very last stages may go through homogeneous nucleation, or near equilibrium, controlled by heterogeneous particles, depending on cooling rate of the flow and on the degree of contamination by particles, aerosols or ions. Transonic, turbulent, unsteady two-phase steam flows including homogeneously, homogeneously/heterogeneously and heterogeneously dominated condensation flow have been investigated in VKI-1 turbine stage (11) . Results showed that the stator vortex shedding frequency is decreased for pure homogeneously condensing flow compared with the heterogeneously dominated flow. For external flow with condensation, effects of equilibrium and non-equilibrium condensations on two-dimensional, steady transonic flow of moist air around a thin airfoil has been investigated numerically (12) , (13) . Effect of humidity on an aerodynamic performance of airfoils was explored in atmospheric transonic flight. It was found that a decrease of a pressure drag is expected when the shock is located near the trailing edge and a decrease of the dominating pressure in the subsonic flow behind the shock leads to an increase of drag. For internal flow with condensation, effects of non-equilibrium condensation of moist air on the flow field around a symmetric circular arc blade were investigated numerically and experimentally (14) . As a result, it was shown that the occurrences of non-equilibrium condensation suppress the flow field unsteadiness compared with the case of no condensation. Thus, the transonic moist air flow has been studies over the years experimentally and numerically. These studies elucidated several complicated flow dynamics. However, the interactions between the unsteady flow with shock waves and the condensation process have not been fully explored yet. In the present study, the effect of moist air with the occurrences of non-equilibrium condensation on transonic internal flow around a plate is investigated numerically. Furthermore, various aerodynamic aspects for the case of moist air are discussed and compared with results of dry air. 
Nomenclature

Numerical Analysis
Governing Equations
Assumptions used in the present computations of two phase flow are as follows: both velocity slip and temperature difference do not exist between condensate particles and gas mixture, and due to very small condensate particles, the effect of the particles on pressure field can be neglected within reasonable accuracy. The governing equations are unsteady compressible Navier-Stokes equations, turbulence kinetic energy and eddy viscosity equations coupled with rate form of liquid phase production equations (15) . They are written in a two-dimensional coordinate system (x,y) as follows:
( 1) where U is the vector of conservative variables, E and F are the inviscid flux vectors, and the R and S are viscous flux vectors. H and Q are the source terms corresponding to turbulence and condensation, respectively. The source term Q is given as follows (15) , (16) :
where Nucleation rate I, critical droplet radius r c and radius growth rate dr/dt are given as:
In the above equations, g is the condensate mass fraction defined as the ratio of liquid mass to total mass of the mixture (air, vapor and liquid). I, r c and t are nucleation rate per unit time and volume, critical droplet radius and time, respectively. D's are defined in Equation (3) . ρ is the density. Subscript m, v and l refer to mixture, vapor and liquid phase, respectively. R, k, T, S, σ, p v , p g , m v are gas constant, Boltzmann constant, temperature, degree of supersaturation, surface tension, vapor pressure, saturated vapor pressure and mass of vapor per molecule, respectively (15) , (16) .
To close the governing equations, the modified k-R model (17) , (18), (19) is employed in computations, which is a pointwise turbulence model applicable to both wall bounded and free shear flows. Also this model showed its applicability in case of moist air flows in previous studies given in Refs. (11), (16) and (19) . Transport equations for turbulent kinetic energy, k and undamped eddy viscosity, R are as follows:
where P k is turbulent production modeled in terms of Boussinesq concept:
In the above equations, u i are the Cartesian mean velocity components, x i are the corresponding coordinates and D/Dt is the compressive material derivative; µ l and µ t are molecular and eddy viscosities, respectively. The undamped eddy viscosity R (17) is given by:
Here k is the turbulent kinetic energy and ε is its dissipation. ε is calculated indirectly using Equation (8) in case of k-R turbulence model. To suppress the instability in the flow field, a limiter function (20) was introduced as follows:
Constants of the modified k-R turbulence model are as follows:
The eddy viscosity is given by, 
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Numerical Schemes
The governing equation systems were normalized with reference values at the inlet conditions of the test section and mapped from the physical plane into a computational plane by a general transformation. A third-order TVD finite difference scheme with MUSCL approach (21) was used to discretize the spatial derivatives and a second order-central difference scheme was employed for the viscous terms. For time integration, a fractional step method was used which consisted in splitting the discretized space operators into products of one-dimensional operators. To maintain the second order accuracy, the split operators were defined in a symmetric sequence as follows:
Here L x and L y are the split operators in x-and y-directions, respectively. n and n+1 are the successive states at time step of ∆t, respectively. Figure 1 shows a computational domain of the flow field and details of test section. Chord length c and the thickness of the plate t are 48 mm and 7.2 mm (t/c = 0.15), respectively. The height of the test section H is 60 mm (H/c = 1.25). Computational domain is discretized by structured mesh. The origin of (x, y) coordinate is located at the middle of the blunt leading edge of the plate. Condensate properties are measured along line A-A / which is vertically 0.075c apart from the plate upper surface.
Computational Conditions
Working gas used in the present study is moist air which is assumed to be thermally and calorically perfect. Inlet Mach number upstream of the plate is 0.6 and Reynolds number based on plate chord length is 5.4×10 5 . The pressure ratio p b0 /p 01 (p b0 : total back pressure, p 01 : reservoir total pressure) was kept at 0.739 (14) . Initial degrees of supersaturation S 01 are 0 for dry air and 0.6 for moist air. Total temperature T 01 and total pressure p 01 in the reservoir are 298.15 K and 101.3 kPa, respectively.
At inlet boundary, stagnation pressure and temperature were imposed as physical boundary conditions and the other variables were resulted from the numerical boundary treatment through Riemann invariant. The exit boundary was constrained with free boundary condition. Non-slip and adiabatic wall conditions were applied at the solid boundary. The pressure at the wall was obtained from zero normal pressure gradient on the body surface. Condensate mass fraction g was set to zero on the solid wall.
Results and Discussion
The grid independency of the flow field for θ = 3.2° and θ = 8.5° is checked with a coarse mesh (271×102) and two fine meshes (351×132 and 351×162). Figures 2(a) and 2(b) show the time histories of static pressure at x/c = 0.5, y/c = 0.3125 for θ = 3.2° and θ = 8.5°, respectively (S 01 = 0). Although there is slight difference between two fine meshes, both figures suggest that the accuracy of 351×132 is high enough to perform calculations in the following discussions. Table 1 shows the dominant frequency of flow oscillation obtained
by a coarse mesh and two fine meshes, and experimental results are also indicated in this table. It is found that flow oscillation frequency and amplitude ( Fig. 2 and Table 1 ) strongly depend on the mesh.
Figures 3(a) and 3(b) show instantaneous schlieren photographs around a plate in cases without and with non-equilibrium condensation by experiments, respectively (θ = 3.2° and p b /p 01 = 0.650). Figures 3 and 4 show instantaneous schlieren photographs around a plate obtained by experiments for θ = 3.2° and θ = 8.5°, respectively. Results for S 01 =0.17 (Figs.3(a) and 4(a) )) are shown in these figures. In this case, the degree of supersaturation is so small that the air can be considered to be almost dry (22) . Ranges of shock oscillation in Figure 7 shows distributions of static pressure p/p 01 , nucleation rate I and condensate mass fraction g along the line A-A / during one cycle of flow oscillation for θ = 0°. T is a period of one cycle of flow oscillation measured at x/c = 1.5, y/c = 0. In case of S 01 = 0, it is found that weak compression wave is generated at the position close to the plate trailing edge. For S 01 = 0.6, this compression wave is weaken by the development of nucleation zone in the range of x/c ≈ 0.9 ~1.1 which causes the generation of condensate particles downstream of the plate. For θ = 3.2°, strong shock wave is generated around the plate upper surface in the range of x/c ≈ 0.20 ~ 0.50 for S 01 = 0 as shown in Fig.8 . In case of the occurrence of non-equilibrium condensation (S 01 = 0.6), development of a nucleation zone is observed due to rapid flow expansion in the region close to the plate leading edge, and nucleation rate I reaches the peak value where static pressure falls to a minimum and then decreases rapidly after the maximum. Condensate mass fraction begins to increase from the position where nucleation rate reaches the peak and after that, varies further downstream of the position. The maximum of g values is about 0.006 along line A-A / for θ = 3.2° (S 01 = 0.6). The reduction of shock strength is considered to be due to reduction of Mach number upstream of the shock by the generation of liquid droplets in case of moist air. shows distributions of static pressure p/p 01 , nucleation rate I and condensate mass fraction g along the line A-A / during one cycle of flow oscillation for θ = 8.5°. In this case, the range of nucleation zone expands up to x/c = 0.8 from the leading edge due to a decrease of cross section at the leading edge in the upper passage. As a result, the value of condensate mass fraction is highest for θ = 8.5° compared with θ = 0° and θ = 3.2°, and the maximum is about 0.01 along the line A-A / . Figure 10 shows distributions of condensate mass fraction g along y-direction at the positions of x/c = 1.10, 1.20 and 1.50 (t = 0.333T (ms), S 01 = 0.6). As seen from these figures, the peak value of condensate mass fraction is the highest for θ = 8.5°. Figure 11 shows distributions of total pressure loss (1-p 0 / p 01 ) (p 0 : local total pressure) along y-direction at the position of x/c = 1.5 in case without non-equilibrium condensation during one cycle of flow oscillation (S 01 = 0). For all angles of attack, θ = 0°, 3.2° and 8.5° (Figs. 11(a) , 11(b) and 11(c)), total pressure loss changes largely during one cycle. However, unsteadiness of total pressure losses increases with an increase of angle of attack. The maximums of total pressure loss values for θ = 0°, 3.2° and 8.5° are observed in the range of y/c = -0.15 ~ 0.15, -0.3 ~ 0.2 and -0.3 ~ 0.6, respectively. For θ = 8.5° (Fig. 11(c) ), much variation of total pressure losses are observed in the region close to the upper wall compared with other cases. This is due to the boundary layer separation induced by shock wave at the upper wall. Total pressure losses in case with non-equilibrium condensation along y-direction during one cycle of flow oscillation are shown in Fig. 12 (x/c = 1.5, S 01 = 0.6). It is found from this figure that values of total pressure loss become larger compared with case of dry air in Fig. 11 . Moreover, y-range of occurrence of total pressure losses is increased for all angles of attack compared to Fig. 11 . This is considered to be due to the generation of condensate droplets induced by non-equilibrium condensation. Total pressure losses were integrated from the lower wall to the upper wall at x/c =1.5 and the time averaged value β is shown for each angles of attack in Fig.13 . With an increase of angle of attack, β increases in cases without and with non-equilibrium condensation. In case of the occurrence of non-equilibrium condensation, values of β for θ = 0°, 3.2° and 8.5° increase approximately by 125 %, 150 % and 200 % compared to the case of no condensation, respectively.
The aerodynamic torque is primarily a function of plate angle, the operating pressure ratio and plate geometry. A qualitative discussion of local moment distributions on the plate surface provides insight into the torque characteristics. Figure 14 shows distributions of local moment for θ = 0°, 3.2° and 8.5° during one cycle of flow oscillation in case of no condensation (S 01 = 0). The dimensionless local moment on the plate is defined here as the local pressure difference across the disk multiplied by the moment arm about the axis of rotation divided by the product of upstream stagnation pressure (p 01 ) and test section height (H). This definition is the same as one defined in Ref. (23) . The axis of rotation is at point A (x/c = 0.5, y/c = 0). P u and P l are the pressures on upper and lower surfaces of the plate, respectively and x' is the moment arm. Sign convention for moment is shown in these figures. For θ = 0° (Fig. 14(a) ), local moments are zero except the range close to the leading and trailing edges of the plate. Flow separation and compressive waves are responsible for non zero local moment distributions around leading and trailing edges, respectively. For θ = 3.2° (Fig. 14(b) ), upstream of the midchord, forces result in relatively large positive closing moments at locations with large moment arm. This is due to relatively large pressure differences induced by rapid increase in pressure by shock wave at upper surface at x/c < 0.5. Downstream of the midchord, x/c >0.5, the pressure difference across the plate is small and thus the moments are relatively small. For θ = 8.5° (Fig. 14(c) ), large separation at the leading edge and thus low pressure recirculation region at the plate upper surface cause very (Fig. 15(a) ), it is observed that moment values are reduced to some extent in the range close the trailing edge compared with the case of no condensation ( Fig. 14(a) ). In case of plate with angle of attack, θ = 3.2° (Fig. 15(b) ), the positive closing moments are observed up to x/c ≈ 0.25, which is smaller compared with result (x/c ≈ 0.35) in Fig. 14(b) . Above x/c ≈ 0.25, the moments are almost zero except the range close to the trailing edge. For θ = 8.5° (Fig. 15(c) ), the moment distributions are comparable to those of case of no condensation (Fig. 14(c) ) up to x/c < 0.5. Downstream of midchord, x/c > 0.5, relatively small pressure difference across the plate and thus smaller negative moment values is attributed to the reduction of shock strength in the plate upper region.
Level of compressibility in the wake can be quantified by a relative Mach number (24) . It is similar to that of convective Mach number in compressible mixing layers (24) . The relative Mach number is defined as M r = (u ∞ -u c )/a ∞ ,where u ∞ is the free stream velocity, u c is the wake centerline velocity and a ∞ is the free stream speed of sound. The relative Mach number in the wake is determined from the velocity profiles in the wake region. Figure 16 shows variations of M r in the wake for θ = 0°, 3.2° and 8.5° in cases without and with non-equilibrium condensation. The relative Mach number decreases with an increase of distance and this means that the effects of compressibility are reduced. However, for θ = 3.2° and 8.5° in case of no condensation, an increase of M r at x/c ≈ 1.5 is observed due to asymmetry of the wake pattern. The value of M r is reduced in case with non-equilibrium condensation. Thus the relaxation process of condensation can reduce compressibility effects in the wake region. Figure 17 shows time histories of static pressure at x/c = 1.5, y/c = 0 in case without non-equilibrium condensation (S 01 = 0). The amplitude of flow oscillation becomes large with an increase of θ. However, with the occurrences of non-equilibrium condensation, the amplitude is reduced as shown in Fig.18 . Dominant frequencies of flow oscillation are shown in Table 2 (x/c = 1.5, y/c = 0). For θ = 0°, the frequency is almost the same for the cases without or with non-equilibrium Vol. 4, No. 3, 2009 condensation. However, for the plates with θ = 3.2° and θ = 8.5°, the frequencies are reduced significantly with the occurrences of non-equilibrium condensation compared with the case of no condensation. Reduction of dominant frequency is considered to be due to the decrease of turbulent fluctuation energy by the relaxation process of condensation and evaporation of vapor molecules on small droplet surfaces, and the interaction of boundary layer with shock wave becomes weak due to reduction of Mach number upstream of the shock wave.
Conclusion
In the present study, the two-dimensional transonic internal moist air flow around a plate with upstream Mach number of 0.6 was investigated for three kinds of angles of attack. Aerodynamic features of the flow field in case of moist air were compared with those of dry air numerically and experimentally. Results obtained are summarized as follows:
(1) With the occurrence of non-equilibrium condensation, the strength of shock wave was reduced in case of plate with angle of attack (θ = 3.2° and 8.5°).
(2) Condensate nuclei and droplets were observed in the wake region for θ = 0°. For θ = 3.2° and 8.5°, non-equilibrium condensation were induced around the plate upper passage including downstream range.
(3) Total pressure loss increased in case of moist air. (4) Local moments on the plate were reduced in case with condensation which is considered to be beneficial in the torque requirement in case of on/off applications for flow control devices.
(5) Compressibility effect in the wake region for moist air became smaller compared with that of dry air.
(6) Non-equilibrium condensation reduced amplitude of the flow oscillation and the oscillation frequency were reduced for plate with angle of attack (θ = 3.2° and 8.5°).
